This study reveals that sulfide oxidation within an anoxic layer of purple sulfur bacteria in the stratified 29 water column of Lake Cadagno is largely coupled to oxygen consumption. Our findings imply that aerobic 30 metabolism may be more prevalent in anoxic zones than previously thought. We also present a 31 metagenome-assembled genome of Chromatium okenii which is the first genome sequence for the genus 32
ORIGINALITY-SIGNIFICANCE STATEMENT 28
This study reveals that sulfide oxidation within an anoxic layer of purple sulfur bacteria in the stratified 29 water column of Lake Cadagno is largely coupled to oxygen consumption. Our findings imply that aerobic 30 metabolism may be more prevalent in anoxic zones than previously thought. We also present a 31 metagenome-assembled genome of Chromatium okenii which is the first genome sequence for the genus 32
Chromatium and reveals new interesting physiological features of this environmentally relevant organism 33 including its capacity for aerobic respiration. 34
SUMMARY

35
Anoxygenic phototrophic sulfide oxidation by purple and green sulfur bacteria plays a key role in 36 sulfide removal from anoxic shallow sediments and stratified waters. Although some purple sulfur 37 bacteria can also oxidize sulfide with nitrate and oxygen, little is known about the prevalence of 38 this chemolithotrophic lifestyle in the environment. In this study, we investigated the role of 39 Chromatium okenii in chemolithotrophic sulfide removal in the chemocline of Lake Cadagno. This 40 purple sulfur bacterium appears to remain active during the night, as evidenced by its continued 41 motility and O2-driven carbon fixation. Our temporally resolved, high-resolution chemical profiles 42 revealed that sulfide oxidation is largely driven by aerobic respiration in the anoxic chemocline. 43 We postulate that the abundant and highly active Chr. okenii are, at least in part, responsible for 44 this aerobic sulfide oxidation and that they bridge the spatially separated gradients of oxygen and 45 sulfide using a novel mechanism of transport driven by the strong convection within the 46 chemocline. The genome of Chr. okenii reconstructed from the Lake Cadagno metagenome 47 confirms its capacity for microaerophilic growth and provides further insights into its metabolic 48 capabilities. Altogether, our observations suggest that aerobic respiration may not only play an 49 underappreciated role in anoxic environments, but also that organisms typically considered strict 50 anaerobes may be involved.
INTRODUCTION
52
Anoxygenic phototrophic bacteria oxidizing sulfide and fixing CO2 with sunlight play an important 53 role in the carbon and sulfur cycles of sulfidic, shallow sediments and stratified water columns. 54 Phototrophic sulfur bacteria, for example, are responsible for 20-85% of the total daily carbon 55 fixation in anoxic lakes (summarized in Cohen et al., 1977) . This primary production is so 56 important that it can control the bulk C-isotope fractionation in the water column, generating 57 isotopic signatures that are transported and preserved in sediments (Posth et al., 2017) . Biomass 58 from anoxygenic phototrophs feeds both grazing zooplankton in overlying oxic waters (Sorokin 59 1966) and drives sulfate reduction in anoxic waters below (Pfennig 1975 ). The phototrophic sulfur 60 bacteria also remove toxic sulfide from the water column enabling aerobic life at the surface while 61 recycling sulfur compounds for sulfate reducers. While their role in sulfide detoxification has long 62 been recognized in stratified lakes, there is mounting evidence that phototrophic sulfur bacteria 63 also significantly impact sulfur cycling in marine environments such as the Black Sea (Jørgensen 64 et al., 1991) and the Chesapeake Bay (Findlay et al., 2015) . 65 Anoxygenic phototrophs generally inhabit illuminated, anoxic, reducing environments due to the 66 toxicity of oxygen to these bacteria, and to the competition with abiotic reactions involving oxygen 67 for their electron donors. Nonetheless, some anoxygenic phototrophs have evolved the capacity 68 for chemotrophic growth under microoxic conditions. Whereas the green sulfur bacteria (GSB) of 69 the Chlorobiaceae family are strict anaerobes, members of Proteobacteria collectively known as 70 the purple sulfur bacteria (PSB), can be anaerobic to microaerobic (e.g. Kampf and Pfennig, 1980;  71 de Witt and Van Gemerden, 1990 ). Both the GSB and PSB are well adapted to fluctuating 72 environmental conditions, synthesizing and accumulating storage compounds during periods of 73 nutrient excess. The anoxygenic phototrophs are known to store zero-valent sulfur (S 0 ), 74 polyphosphate, glycogen, and in the case of the PSB alone, poly-3-hydroxyalkanoates (PHA) (Mas 75 and Van Gemerden, 1995). The macromolecular structure and metabolism of these compounds 76 have been intensely studied in laboratory pure cultures in order to understand conditions leading 77 to their accumulation and breakdown. It has been suggested that glycogen may play a role in 78 energy generation under dark conditions based on observations that cultured Chromatium sp. 79 utilize glycogen to reduce stored sulfur, yielding sulfide and PHA (Van Gemerden, 1968 ).
80
Here we investigated the role of anoxygenic phototrophic bacteria in dark sulfur cycling processes 81 in Lake Cadagno, a permanently stratified lake with high sulfate concentrations of up to 1-2 mM 82 in the monolimnion. Microbial reduction of sulfate in the anoxic bottom waters and sediments 83 produces large amounts of sulfide which support dense populations of GSB and PSB in the photic 84 zone. These bacteria heavily influence the chemistry of the lake, forming a sulfide-and oxygen-85 free chemocline of 1-2 meters in thickness. The PSB Chromatium okenii is by far the most active 86 of these bacteria, having been shown to play a disproportionately large role in inorganic carbon 87 and ammonium assimilation despite their low abundances (<1% of total cell numbers) in the 88 chemocline (Musat et al., 2008; Posth et al., 2017) . In addition to their important contribution to (Fig. 1a) . The permanent absence of oxygen in the chemocline 106 indicated that oxygen was consumed both in the day and the night. 107 Steep gradients of sulfide diffusing into the chemocline varied independently of light-dark periods 108 and the total sulfide concentration in the chemocline did not exceed 5 µM at any time point.
109
Because the lake is meromictic, these stratified conditions were also present during other 
118
Chr. okenii was the most significant microorganism in the chemocline in terms of biomass, 119 accounting for ~60-80% of total microbial biovolume (Sommer et al. 2017) , and carbon fixation 120 (Musat et al., 2008) . The cell abundances of Chr. okenii in the Lake Cadagno chemocline were 121 enumerated by flow cytometry during 2 daily cycles (Fig. 1b) (Wüest, 1994; Sommer et al., 2017) . Chromatium are known to migrate between gradients of 125 sulfide, light, and oxygen by photo-and chemotaxis (Pfennig et al., 1968) . We observed that Chr.
126
okenii were positioned between oxygen and sulfide gradients, regardless of changes in depth or 127 light availability (Fig. 1a,b) . Other anoxygenic phototrophs that have been consistently detected 128 in the chemocline include the PSB Lamprocystis, Thiocystis and Thiodictyon and several GSB of 129 the genus Chlorobium (Tonolla et al., 1999 (Tonolla et al., , 2004 (Tonolla et al., , 2005 . Together these bacteria constituted the 130 majority of the total phototrophic cells (10 6 ·ml -1 ) in 2015, but they are considerably smaller than 131 Chr. okenii.
132
The oxidation of sulfide by these anoxygenic phototrophs proceeds via the formation of S 0 as an 133 obligate intermediate (Mas and Van Gemerden, 1995) . This S 0 was measured as particulate sulfur okenii cell numbers (Fig. 1b) in the chemocline. It is likely that this S 0 was present in the form of 137 both elemental S and polysulfides formed by the reaction of free sulfide with intra-and 138 extracellular S 0 , as has previously been suggested in other euxinic lakes (Overmann, 1997 (Fig. S3 ) which is characteristic of linear polysulfide species (Janz et al., 1976) . 144 The Raman peak at ~2900 cm -1 corresponds to the CH2 and CH3 stretching vibrations (Socrates, 145 2004), and its co-occurrence with polysulfide peaks support the theory that the sulfur chains in 146 these purple sulfur bacteria are terminated by organic end groups as reported previously (Prange 147 et al., 1999).
148
Over two diurnal cycles, the S 0 inventory (Fig. S4a) , or the total amount of particulate S 0 in the (Fig. S2) . 194 The sulfate excess in the chemocline is not expected to be affected by sulfate reduction as no (Fig. 3c) . During the day, the remainder of sulfide oxidation could be attributed 
Metagenomic insights into the Chromatium okenii population in Lake Cadagno
272
To assess whether the genomic potential supports light-independent, aerobic sulfide oxidation 273 by Chr. okenii in Lake Cadagno, we sequenced two metagenomes, one from the Lake Cadagno 274 chemocline and one from the phototrophic, sulfide-oxidizing enrichment culture in an agar tube 275 described above (Table S1 ). From a combined metagenomics assembly, we reconstructed a high 276 quality (90% complete, <1% contaminated) metagenome-assembled genome (MAG) of a PSB 277 highly abundant in the sulfur-oxidizing enrichment culture (Fig. S9) The key metabolic process of Chr. okenii in Lake Cadagno is photoautotrophic sulfur oxidation. In 285 accordance, the Chr. okenii MAG contained genes encoding for a sulfide : quinone reductase (sqr) 286 and the full genomic inventory encoding for a reverse-acting dissimilatory sulfite reductase (rDSR) 287 pathway (Fig. 4) . The operon structure of the rDSR encoding genes (dsrABEFHCMKLJOPN) was 288 identical to the operon structure in the well described PSB model organism Allochromatium (Fig. 4) . (Fig. 4) . Further, a plethora of genes related to heme b (gltX, hemALBCD, 303 and hemH) and siroheme (cysG) synthesis, degradation (a heme oxygenase) and export (ABC-type 304 heme exporter, ccmABCD), as well as hemerythrin-like metal binding proteins were encoded. 305 Hemerythrin has been implicated in binding of oxygen for delivery to oxygen-requiring enzymes, 306 for detoxification, or for oxygen sensing in motile, microaerobic prokaryotes (French et al., 2007) . 307 The presence of these oxygen-dependent enzymes, as well as a key oxidative stress defense Sulfate reduction rates were measured by adding the radiotracer 35 SO4 2-(5 MBq) to anoxic lake 407 water in 50-ml glass syringes and incubated in the dark. A solution of unlabeled Na2S was added 408 to a final concentration of ~50 µmol·l -1 as a background sulfide pool in case of sulfide re-oxidation. 409 At each sampling point, 10 ml of sample was dispensed into 5 ml of 20% (w/v) Zn-acetate. 410 Reduced sulfur species (e.g. sulfur and sulfide as ZnS) were separated out via the chromium 411 distillation method described in (Kallmeyer et al., 2004) and the radioactivity per sample was 412 determined via scintillation counting (Packard 2500 TR). Tubes were inverted once to mix and allowed to set. Agar cultures were incubated under low, h light conditions at 15⁰C to favor the development of anoxygenic phototrophs.
447
Microsensor measurements 448 Gradients of pH and H2S in agar cultures were measured using microelectrodes built in-house as Fig 1: (a) Combined oxygen (top) and sulfide (bottom) profiles of the Lake Cadagno water column revealing the persistence of an oxygenand sulfide-free zone over a period of 48 hours, with contour lines indicating sulfide concentrations. The bold contour lines delimiting the region with > 5 µM sulfide were used to define the chemocline in parallel profiles of Chr. okenii cell counts (b), particulate S⁰ (c), and sulfate (d). Black dots represent sampling points for all parameters except O₂ which was measured with a microsensor mounted on a CTD probe. Shaded boxes represent dark periods between sunset at ~20:50 and sunrise at ~6:10. Time plots were interpolated from original profiles measured in August 2015 and are provided in Fig S1. Figure 2: A day (13:00) and a night (1:30) profile through the chemocline illustrating glycogen and S⁰ concentrations in relation to Chr. okenii cell numbers, oxygen, and sulfide gradients in the chemocline. Profiles were measured in August 2015. PHA was below detection limits and no oxygen data is available for the day profile.
Figure 3: Sulfide and oxygen fluxes in the Lake Cadagno chemocline were calculate from profiles measured 4-h intervals over 2 day-night cycles. (a) The consumed sulfide flux (solid line) was calculated by subtracting the residual sulfide flux (dashed line) from the total sulfide flux into the mixed layer. (b) The downwards oxygen flux into the chemocline was used to estimate (c) the maximum % of sulfide aerobically respired, assuming the complete oxidation of sulfide to sulfate. Shaded regions represent dark periods. Figure 4 : Chr. okenii cell illustration, showing the metabolic potential inferred from the metagenomeassembled genome with a particular focus on the genetic machinery implicated in photosynthesis, sulfur oxidation, aerobic metabolism, motility, glycogen and PHA storage, nitrogen fixation and transmembrane transport. The respiratory chain enzyme complexes are labeled with Roman numerals. 5 Figure 5 : Schematic of phototrophic and aerobic sulfide oxidation processes in the Lake Cadagno chemocline. Convection in the chemocline may be driven by a combination of turbulence and sinking bacterial plumes, represented by the large number of descending Chr. okenii cells on the left. As a result, oxygen and sulfide are entrained into the chemocline and immediately consumed by purple sulfur bacteria, keeping concentrations of these compounds below detection limits. Chr. okenii cells, depicted with internal sulfur globules (yellow dots), are pulled in the direction of their flagellar bundle. 
